Abstract: This contribution presents a novel design approach for vibration assisted machining (VAM). A lot of research has already been done regarding the influence of superimposed vibrations during a milling process, but there is almost no information about how to design a VAM tool where the tool is actually rotating. The proposed system consists of a piezoelectric actuator for vibration excitation, an inductive contactless energy transfer system and an electronic circuit for powering the actuated tool. The main benefit of transferring the required power without mechanical contact is that the maximum spindle speed is no longer restricted by friction of slip rings. A detailed model is shown that enables for preliminary estimation of the system's response to different excitation signals. Experimental data are provided to validate the model. Finally, some parts are shown that have been manufactured using the contactlessly actuated milling tool.
Introduction
Conventional vibration assisted machining (VAM) comprising drilling, milling, turning, cutting and grinding with small stroke superimposed vibrations on either the cutting tool or the workpiece aims to improve the fabrication processes. It has been an active research area for more than 50 years and has led to some products either as complete vibration assisted machine tools or as add-on vibration tools for conventional machine tools. The main benefits are reduced cutting forces and tool wear, or improvements in surface finishing and chip breaking [1] [2] [3] [4] . Depending on the frequency and amplitude of the superimposed vibration, cutting surfaces can be smoothed or textured [1] [2] [3] .
Vibration assisted texturing (VAT) is a more recent variant of VAM aiming to fabricate textured or structured surfaces by superimposing vibrations at the machining finishing process. Compared to alternative texturing approaches, the advantages are the application for large surface area finishing and cost reduction [5, 6] . Furthermore, microstructured surfaces could be beneficial from a tribological point of view [6, 7] .
Usually, in VAM and VAT, piezoelectric actuators are used, either driven in resonant or non-resonant operation mode [1] [2] [3] . The resonant mode is restricted to a distinct vibration frequency but comes along with smaller excitation voltage for a given displacement amplitude and compact power electronics due to active power operation. In non-resonant mode, i.e., below the actuators' first eigenfrequency, broad-band actuator excitation is possible at the cost of higher excitation voltages for a given displacement amplitude and larger power electronic components due to Figure 1 shows the structure of the proposed system. A piezoelectric actuator is used to excite the axial vibration during milling. This actuator is built inside the rotating tool. Hence, the power has to be transferred from the stationary primary part towards the rotating secondary part. This is done contactlessly by a specially designed inductive system in order to be able to use high rotational speeds. The primary part of this subsystem is then powered by a power electronic circuit. These three main components are described in the following paragraphs.
Actuator
The actuator's purpose is exciting small axial superimposed vibrations on the milling tool's horizontal feeding motion with variable frequency for microstructural surface modification or texturing. In the special case considered here, a frequency range between 100 Hz to 1000 Hz is demanded. To gain the high forces that come along with this requirement, a piezoelectric transducer was chosen. Using this, it should also be possible to achieve high stroke amplitude compared to the ultrasonic approaches. The demands were to excite forces up to 10 kN and a stroke of 10 µm. Since piezoelectric actuators need to be prestressed, the maximum possible force of the actuator needs to be significantly higher. For this reason, an actuator with a blocking force of 23 kN and a no-load stroke of 30 µm was chosen (P-035.20P from PI Ceramics GmbH, Lederhose, Germany).
It is well known that piezoelectric transducers are not capable of sustaining shear stress. Since the milling process comes along with lateral cutting forces, a mechanical structure is needed that is soft in axial direction, where vibration is desired, but stiff in lateral direction. A specially designed flexure joint has been introduced for that reason. In addition, it is used for prestressing the actuator. For very high lateral forces, a friction bearing has been inserted to prevent damage of the system.
Contactless Energy Transfer System
Transferring the power from the power electronics towards the actuator is usually done using slip rings. As mentioned earlier, this concept is not suitable for high speed milling. For this reason, the power is transferred contactlessly using an inductive system. In principle, this system is a transformer where the primary and secondary part are separated by an air gap to allow relative motion between these parts (see Figures 1 and 2) . The approach of using a frequency range and non-harmonic excitation instead of separately transferring power and excitation signal is a consequence of the fact that the secondary part provides no space for additional electronic circuits. It is designed to be as small in diameter and length as possible to ensure low deformation due to cutting forces and low centrifugal forces when rotating at high speeds up to 18,000 rpm. Therefore, the required power has to be transferred already shaped according to the actuator's desired input signal.
The design concept for the broad-band contactless energy transfer (CET) system also used for this contribution is already presented by the authors in [14] . The proposed concept incorporates the effects of leakage flux and eddy currents. The required input parameters and the calculated output parameters are sketched in Figure 3 . Figure 3 . Sketch of Design Process for the CET system as proposed by Silge et al. in [14] .
Input parameters comprise geometrical restrictions, limiting parameters, material parameters, but most importantly the apparent power that should be transferred, i.e., U 2 , I 2 . The required secondary power is a direct consequence of the actuator choice. The primary voltage U 1 can be chosen freely and has been chosen as the rectified mains voltage in this special case. The geometrical parameters cannot be chosen as freely. The air gap δ should be as small as possible while the primary and secondary side still have be easy to assemble onto the milling machine. The inner radius of the secondary side r i,2 should also be as small as possible to keep centrifugal forces low, but it has to at least be big enough to enclose the piezoelectric actuator and the wall around it. The height of the magnetic circuit h should be chosen to be as large as possible since leakage flux decreases with the height of the circuit. This is restricted by the length of the actuator and its prestress mechanism, i.e., the flexure joints in this case. Finally, one has to chose a nominal frequency. This value should be the maximum frequency of the desired vibration frequency range. This ensures that the secondary current can get at least as high as the demand for the whole frequency range despite the inductive behaviour of the transformer.
Compared to single frequency actuator excitation, variable or broad-band actuator excitation comes at the cost of lower CET efficiency. In single frequency operation, only the active power needs to be transferred as normally the inductive parts are compensated by capacitances. This is the case in ultrasonic VAM where contactless energy transfer is more common. Such a compensation is not possible in broad-band CET operation as considered here. However, according to [15] , the positive effect of compensation towards efficiency is small when electromagnetic coupling in the CET is high. The proposed CET has a leakage ratio σ = φ σ,1 /φ 1 of about 7 %, hence coupling is k = √ 1 − σ ≈ 0.96, so CET efficiency should not be affected significantly (see Appendix A fur further details).
Power Electronics
The basic structure of the power electronic circuit is shown in Figure 4 . The main component is a bipolar drive in a half bridge topology. Both the supply voltages are provided by a rectifier stage powered by the three-phase mains supply. The rectification is done using six diodes in a B6 configuration.
The half bridge is built up with two n-channel power MOSFET switches with power freewheeling diodes in parallel. The half bridge switches are driven by a dual galvanically isolated half bridge driver controlled by a microcontroller. 
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System Modelling
The system from Chapter 2 can be divided into four subsystems for further analysis. All of these subsystems are described in detail in the following sections.
Electrical Model of the Primary Part with Power Supply
The stationary part consists of the primary part of the transformer, which is part of the contactless power transfer system and the power supply. The transformer's primary part can be modelled as a voltage source providing the primary induced voltageψ 1 together with a resistive part R 1 . In order to gain a model independent of the actual voltage supply, the excitation is considered as an ideal voltage source u 1 . The equivalent circuit for this analysis is shown in Figure 5a . Kirchhoff's voltage law gives
where N 1 is the number of turns in the primary coil and φ 1 is the magnetic flux flowing through the primary side.
Electrical Model of the Secondary Part with Piezoelectric Load
The piezoelectric actuator is powered by the secondary induced voltage of the transformeṙ ψ 2 . Piezoelectric actuators can be modelled as a capacitance in parallel with a current source that provides a current proportional to the actuator's velocity (time derivative of the stroke)ẋ. The constant that connects the induced currents with the velocity is the electromechanical transmission factor α. In addition, the secondary coil's resistance R 2 is considered. The resulting circuit is shown in Figure 5b . Kirchhoff's voltage law leads toψ
where N 2 is the number of turns in the secondary coil and φ 2 is the magnetic flux flowing through the secondary side. Another equation arises from Kirchhoff's current law,
where C B denotes the capacitance of the actuator in blocking mode.
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Model of Magnetic Circuit
The magnetic circuit of the CET system that has already been shown in Figure 2 is fundamentally a transformer topology but with two main differences. In a standard transformer, the primary and secondary magnetic flux are the same. In this system, the presence of the gap between the two transformer parts leads to leakage flux φ σ,1 , φ σ,2 , illustrated in Figures 6 and A1, which has been taken into account by means of introducing parallel flux paths via the reluctances R m,σ1 and R m,σ2 . In addition, different from a transformer designed to operate on mains power, this system is excited with frequencies up to 1000 Hz, which increases the influence of eddy currents significantly. This effect is modelled by magnetic inductances L m,Fe1 and L m,Fe2 . The primary coil's magnetic excitation is modelled as a magnetic voltage source providing Θ 1 , the secondary coil's excitation is Θ 2 . For this subsystem, three equations are needed, namely The leakage flux path corresponding to R m,σ2 is newly introduced into the network and was not part of the design process presented in [14] . Secondly, parametrisation of the air gap reluctance R m,δ has been altered in a way that stray flux around the gap is also considered to influence the value of this parameter and finally the leakage reluctances R m,σ1,2 are now calculated differently to account for the inhomogeneous field distribution (see Appendix A.2 for further details).
Model of Mechanical Subsystem
The mechanical subsystem can be determined by the law of conservation of momentum. The excitation force is provided by the piezoelectric actuator and is proportional to the voltage across the actuator. Again, the constant connecting these two variables is the electromechanical coupling factor α. The mechanical properties that are taken into account are the actuator's mass m P as well as the load mass m L , the stiffness of actuator c P and load c L and the damping coefficient of both actuator d P and load d L . The actuators inertia effect is introduced with m P assumed to be fixed at one end. By varying the load damping, one can analyse the effect of external dissipative load forces as a consequence of the milling process. The equivalent circuit is shown in Figure 7 . Momentum conservation then leads to Figure 7 . Equivalent circuit for the mechanical subsystem.
State-Space Model and Transfer Functions
Taking Equations (1)- (7), a linear time-invariant state space model can be derived having an order of 5. Solving Equations (1) and (2) for i 1 , i 2 as well as Equation (6) for φ δ and subsituting those into the remaining equations results in the state-space model. The state variables are x,ẋ, φ 1 , φ 2 and u 2 . The input variable is u 1 . Using Laplace transform transfer functions can be calculated.
Model Analysis

Frequency Domain Analysis
To achieve insights about the system's behaviour, the frequency response is analysed (see Figure 8 ). For this analysis, the system is excited by a sinusoidal signal for the input voltage u 1 . The parameters for this analysis are provided in Table A2 . One can easily see that there are two resonance frequencies. The first one is the electrical eigenfrequency of the secondary part's inductance and the piezo capacitance. The second one is the mechanical eigenfrequency resulting from mass and stiffness. Both eigenfrequencies are a result of the design process and can therefore not be shifted to a desired value as long as all the input variables shown in Figure 3 are not changed.
Since in this special case one of these frequencies is inside the operating frequency range, the primary side's voltage amplitude has to be controlled depending on the excitation frequency.
Surface Forming Analysis
Having calculated the frequency response, these results can be used to derive how the excitation voltage u 1 should be shaped to generate a predefined surface structure during the actual milling process. This approach can be obtained using the inverse feed forward method. Therefore, the inverse transfer function of x/u 1 is used to calculate the desired input voltage signal according to the target stroke signal. Since this transfer function has more poles than zeros, additional poles have to be introduced after inversion, having sufficiently low time constants to ensure no significant change in the frequency response within the frequency range of the system's dynamics. Analysing the results shown in Figure 9 , some limitations of this approach can be deduced. Steps or other discontinuities result in infinite impulses in the excitation voltage signal. Since, in this simulation, the voltage has been limited to the finite supply voltage, there is a huge deviation between target and resulting signal, as can be seen in Figure 9c . Furthermore, signals that are not continuously differentiable also lead to impulses that are impossible to realise, but there is a lesser effect on the stroke signal, which is clearly shown in Figure 9b .
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The target stroke therefore has to be continuously differentiable. For a pure sine wave, there is no notable difference between the two signals (see Figure 9a) . Discontinuous signals can be smoothed to reduce the vibration excitation due to finite voltage like it has been done in Figure 9d .
Since this calculation results in continuous voltage signals for u 1 , an analogue electronic drive would be needed to exactly follow the required signal. Assuming a sufficiently high switching frequency, this continuous signal can be transformed into a pulse width modulated (PWM) signal for half bridge supplies, but this is not within the scope of this contribution.
Surface Forming Realisation Using Switched Mode Power Electronics
As mentioned in the previous section, surface forming can be done by switching mode electric drives using PWM. Alternatively, the drive could be switched at low frequencies i.e., the target frequency of the stroke itself. This low frequency switching leads to a discontinuous mode meaning that there are time intervals in each period where the current through the switches is zero. This approach lacks the flexibility of PWM but is beneficial since during these phases the secondary current i 2 induces a voltage on the primary side, which can be used to determine the secondary voltage. This information is important to assure that the voltage across the actuator does not exceed the maximum allowed values at any time. The turn-on time of the transistors is controlled according to the measured voltage level. This control strategy divides each half of one period into three different phases as illustrated in Figure 10 . The control scheme for the transistor's turn-on time has been chosen to be very simple. During the free vibration phase, the secondary voltage is almost at its maximum and nearly constant right after the switches have been closed. In addition, the re-induced primary voltage is proportional to the secondary voltage in this phase. For these reasons, the turn-on time should be increased (e.g., incremented by a constant value) when the secondary voltage is lower than the desired value and vice versa. Controlling the turn-on time is not only necessary because there is a resonance frequency within the operating frequency range. It is also mandatory to ensure that the secondary voltage is independent of the load forces. Since milling dissipates energy, the secondary voltage would decease without the control circuit.
The model proposed in Section 3 is capable of describing the system's behaviour in phases 1 and 2. In phase 3, the input variable changes towards the primary current since there is an induced voltage due to secondary current flow, but no current is flowing through the primary side of the transformer. During this phase, the order of the system decreases to 4. One can easily deduce the model for this phase by setting i 1 to zero in Equations (1)- (7). Using these two mathematical models and the switching conditions between the three phases, a time simulation can be carried out. The results of the simulation in the time domain are shown in Figure 10 for two exemplary frequencies. 
Model Based Design Procedure
The design procedure, as proposed here, starts with the actuator design, followed by the CET and finishes with the power electronics design:
(1).
Machining Process: The considered surface structuring processes determines the main parameters for a periodic tool vibration in axial direction ( f max ,x,F): the maximum vibration frequency, f max , transferable by the actuator, the maximum vibration displacement amplitude,x, and the maximum cutting force in axial direction,F, of the periodic motion. (2) .
Actuator: Based on the machining process parameters, no-load stroke and blocking force of the piezoelectric actuator are chosen, resulting in the design parameters ( f max , U 2 , I 2 ), the nominal excitation frequency f max , secondary voltage U 2 and secondary current I 2 , respectively. The primary electric voltage u 1 is chosen according to available power systems, e.g., three-phase power system in our case. All three parameters are input parameters of the CET in Figure 3 . (3).
CET system: Next, the magnetic and electric materials with parameters (B max , J max , ρ Cu , ρ Fe , µ r ) as well as coil and magnetic circuit design parameters (t Fe , k Cu ) can be chosen. What remains are the input geometric parameters (r i,2 , h, δ), which can be chosen as described on Section 2.2. (4).
After determining the CET, a system analysis must be carried out to check if the calculated electro-magneto-mechanical system comprised of piezoelectric actuator and CET delivers a first eigenfrequency at the border or beyond the nominal frequency f max . If this is not the case, then the CET system has to be redesigned using other input parameters.
Experimental Results
To show that the proposed mathematical model is capable of describing the system's behaviour, an experimental setup has been built consisting of a piezoelectric actuator powered by a transformer with an air gap. The setup is shown in Figure A2 . In the first step, the frequency response has been measured in a small signal range using a frequency response analyser (N4L PSM1735) and an analogue drive for u 1 as a buffer instead of the half bridge drive. The measured data for the transfer function u 2 /u 1 is shown in Figure 11 together with the previously shown simulated one. It can be clearly seen that the two functions fit well qualitatively, but there are deviations in distinct characteristics like resonant frequencies, damping factors and the cut-off frequency. Since there are tolerances when building up test setups and the simulated data has not been fitted to the measurements, this deviation is acceptable.
Large signal measurements have been carried out using the aforementioned half bridge drive operating in discontinuous mode as described in Section 4.3. The measured data has been recorded by two digital oscilloscopes. The voltages have been measured using 100:1 probes, and currents have been measured by 10:1 current probes. The stroke has been calculated by integrating the velocity signal of a laser doppler vibrometer. As can be seen in Figure 12 , the simulated signals match the measured ones well. The most significant deviation between expected and real values occurs in the signal of secondary voltage u 2 because of a delay between the two values.
Furthermore, some example parts have been manufactured using the VAM tool, which are shown in Figure 13 . Different excitation frequencies have been used while keeping the machining parameters given in Table A1 and the vibration stroke constant. One can see that the surface has been structured during the milling process. Further investigations regarding the properties of these surfaces have to be done. In addition, an investigation regarding the choice of the vibration's frequency f depending on the spindle speed n S needs to be done. For this, the ratio of these two parameters β = f /n S can be defined. The parts shown in Figure 13 have been cut using a β in the range of six to 18 vibration cycles per tool revolution.
Conclusions
In this contribution, it has been shown how a contactlessly powered and piezoelectrically actuated VAM tool can be designed. An experimental setup has been developed that provides the possibility to verify the system's behaviour predicted by the presented mathematical model. The correlation between measured and modelled values is convincing, both in time and frequency domain. However, it has been shown that the there are slight deviations between the absolute values.
Moreover, the experimental setup has been used to manufacture sample parts having a structured surface. Further research has to be done regarding the properties of the machined surfaces.
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The following abbreviations are used in this manuscript: Figure A1 . Sketch of the geometrical parameters of the contactless energy transfer system.
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Appendix A.3. Numerical Values
In this work, the numerical values given in Table A2 have been used. 
Appendix B. Experimental Setup
The photographs in Figure A2 show the experimental setup used to generate all the provided data. The stationary primary part is mounted at the non-rotating part of the milling machine, whereas the actuated tool is mounted instead of the conventional end mill holder. Figure A2 . Photos of the experimental setup, showing primary and secondary parts separately and mounted together on a CNC milling machine.
